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SUMMARY 

Liquid-cooled  turbine-engine performance is  substantially  afPected 
by the  location where heat from the  coolant is refected. Methods, ad- 
vantages,  and  dlsadvantages of locating  rotating  heat exchangers  ahead 

cussed. For the  best  engine performance, heat  reJection  should occur at 
the compressor discharge. Although performance would be  poorer, hest 
re jec t ion   a t  the compressor i n l e t  would permit cooled-engine operation 
a t  very high f l fght  speeds where compressor discharge  temperatures m e  
very  high. This location would &so permit a system with adequate  cool- 
ant m i n g  characterist ics that appears pract ical  with respect to fab- 
r icat ion and operation. 

.I of, within, and behind  the main engine compressor are  therefore dis- 

u 

F r o m  this analysis it appears that for turbo jet engines : (1) Higher 
flight Mach numbers are possible  using  liquid-cooling with heat  rejection 
in  a heat exchanger ahead of the compressor than  using  air-cooling with 
unrefrigerated compressor bleed air. (2) When it is  possible t o  use a 
liquid-cooling system i n  which heat i s  rejected at the colqpressor d t ,  
the engine performance will be superior t o  that obtained with air-cooung. 
(3) With heat  rejected f r o m  liquid-cooling at locations  other  than  the 
compressor exit, air-cooled  engine performance WFIl probably be superior 
u n t i l  a flight Mach nuniber is reached at which ~ o m e  device i s  required 
f o r  cooling  the air after it i s  bled *om the compressor. For turboprop 
engines it appears that cooling of small turbine  blades may be more suc- 
cessful with liquids than with air, but  the  heat from the   l iqu id  coolant 
will probably have t o  be rejected at the compressor exi t   in   order  t o  en- 
sure  engine performance t h a t  is superior  to that with  dr-cooling. 

INIIRODITCTION 
r 

In order to evaluate the r e l a t i v e  merits of vwious types of turbine- 
Y cooling systems, it is  necessary t o  have a knowledge of the e f fec t  of 

cooling on engine performance. The primmy effects  of liquid-cooling are 
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the  removal of  energy from the gases by heat t r a n s f e r   t o  the turbine and 
re ject ion of this heat in to  the engine  cycle. T h i s  report  shows the L1 

ef fec t  on engine  performance of rejecting  heat from l i w d - c o o l e d  tur- 
bines at three  different  locations  within the engines. 

Most work that has been  conducted on liquid-cooled  turbines  in  the 
past, such as that reported in  references 1 and 2, considered  water as 
the  coolant, and part or all the heat from the w a t e r  was reJected  in  a 
stationary heat exchanger. Water was a logical  coolant  because of i t 6  
excellent  heat-transfer  characteristics. In addition,  rather complete 
knowledge of its f luid  propert ies  made water ideal. as a coolant  for 
studies of forced and free convection in  liquid-cooled  turbines. Water 
as a turbine  coolant, however, has one very  serious  disadVant8.&?j the  
boiling  point is so low that, unless  the  entire  coolant system is under 
very high pressure, the  turbine i s  overcooled and the heat-rejection 
rates  or  blade  temperature  gradients may be excessive. A further disad- 
vantage  occurs at high flight speeds,  because the ram-alr temperature 
exceeds the boiling  temperature of w a t e r  at normal pressures and heat 
r e j ec t ion   i n  an air heat exchanger may become iu~possible. The ram-&? 
temperature reaches 212O F at a f l i g h t  Mach Iluniber of about 1.2 at stand- 
ard sea-level conditions and about 1.9 i n  the  stratosphere. 

4 

n 

1 

Pressurization of the  entire  coolant system t h a t   u t i l i z e s  a s ta t ion-  
ary heat exchanger offers  only p a r t i a l   r e l i e f .  In order that the water 
reach a temperature that does not   resul t   in   overcool ing of the  turbine, 
pressurization of approximately 3OOO pounds per  square  inch is reguired. 
Seals  for  transferring  coolant between rotat ing and s ta t ionary  par ts  of 
t he  engine have not  been  developed t o  operate   sat isfactor i ly  at such Ugh 
pressures. A natural  solution,  then, w o u l d  b e   t o   u t i l i z e  a coolant such 

a l iqu id  metal, metal salt, or  metal hydroxide that has a boi l ing tem- 
perature  in  excess of 1000° F at normal pressures. These coolants oxi-  
dize when i n  contact  with air, BO t ha t  seals between rotat ing and sta- 
t ionary pwts w o u l d  s t i l l  be a problem. "he task of making such sea ls  
absolutely  airt ight (air 1ee;kage should  not be more than a few cc per 
year) i s  prohibitive. 

A so lu t ion   t o  the problems involved  with  excessive  heat-rejection 
r a t e s  and flight at high speeds would be t o  u t i l i z e  a rotating  heat ex- 
changer connected t o  the turbine  rotor, BO that seals between ro ta t ing  
and stationary  engine parts would  be eliminated. T b i s  arrangement, as 
suggested in reference 3,.would permit  use-of water at supercr i t ical  
pressures and temperatures and a l 8 0  the  use of  l i b i d  ~ t a l s ,  m e t d  s a t s ,  
or  metal  hydroxides as the coolant. 

. "" 

Air-cooling of turbines becomes m e  difficult as fllght speed  in- 
creases,  because the temperature of the cooling air tha t  is bled from 
the coqpressor becomes so  high that very large amounts of cooling air 
may be required. A t  f l i g h t  Mach nunibem of the  order of 2.5 or hlgher 
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some method of refrigerating  the  cooling air w o u l d  probably be necessary. 
An alternate cooling  system  could  possibly  use a liquid  coolant  with a 
coolant  temperature of the  order of 1000° F and reject   the   heat  t o  air at 
approximately ram temperature. This coolant  system  should  operate satis- 
factor i ly  at flight Mach numbers up t o  at least 3. An advantage of 
liquid-cooling  over  air-cooling lies in the  high heat  capacity  per  unit 
volume of liquid  coolant. T h i s  chasacteristfc  permits  cooling of small 
turbine  blades, such as can be  encountered on turboprop  engines o r  high- 
pressure-ratio  turbojet  engines, much easier than is  possible  with air- 
cooling. It appears,  therefore,  that further study  of  various  types of 
liquid-cooled  systems is warranted. 

In the  present  study of liquid-cooling  systems,  rotating  heat ex- 
changers are considered at loca t ions  ahead of, behind, and within  the 
main compressor. The purpose of  this report is (1) t o  discuss  the rela- 
t i v e  advantages and disadvantages of rotating  heat exchangers a t  the 
three  locations, (2) t o  show the  effects of heat rejection on the  per- 
formance of 8 liquid-cooled  turbine  engine when rejecting  heat at the  
three different heat-exchanger locations, and (3) t o  compare the per- 
formance of air- and liquid-cooled  engines.  For comparison, the  perform- 
ance of a liquid-cooled  engine  with  heat  rejection  into a sink outside 
the  engine is also shown. 

The results axe presented from a thermoaynamic study; actual deslgn 
studies of the  va,rious systems  have not been made. Some of the  systems 
presented may not be practical fo r  all applications. It is believed, 
however, that there is some merit i n  each system. Results are presented 
f o r  afterburning and nonafterburning engines for a range of flight Mach 
nuuibers from 0.8 t o  3.0, f l i gh t  altitudes of sea l e v e l  and 50,000 t o  
80,000 feet, sea-level static compressor pressure ra t ios  from 4 t o  12, 
and turbine-inlet temperatures of 2460' and 2800' R using  heat-rejection 
rates from reference 4. One-spool turbojet engines with  both one- and 
two-stage turbines and a particular miltistage turboprop engine are con- 
sidered. 

LIQUID-COOLING EEAT-REJECTION METHODS 

The use of rotating  heat exchangers t o  elimfnate seals i n   t h e  cool- 
ant system  between r o t a t i n g  and stationary parts almost dictates  that 
the  heat from the  coolant be rejected to the compressor air. It appears 
t h a k  it may be feasible t o  reject this heat  ei ther ahead of, within, o r  
behind  the main compressor. Advantages and disadvantages of heat  rejec- 
t ion  at each location are discussed i n  this section.  Conslderation is 
given to   re ject ing  the  ent i re   heat   load from the  turbine  in each of the 
previously mentioned locations. Although in actual  application it may 
be desirable t o  reject heat at two or more of the  locations  simultane- 
ously, t h i s  condition is not  considered  herein. The effect  of such  oper- 
ation can  probably be inferred from the  results presented. 
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I n  practically any liquid-cooling system there i s  a possibi l i ty  
that the  coolant tJill freeze. This is  particularly  true of coolants 
suitable  for  operation at high temperatures. Water used at supercrit ical  
temperatures cannot tolerate  any additives such as antifreeze.  Additives 
alter the desirable heat-transfer  characteristics and may make the water 
react w i t h  the m e t a l  surfaces at high temperatures. The liquid metals, 
metal. salts, and metal hydroxides that have been considered for  coolants 
have freezing  points varying from  about Eo to 60O0 F. With any of the 
proposed  systems it is advantageous t o  have a coolant that contracts 
upon freezing. Some very  promising  coolants such as NaK (mixture of 
sodium and  potassium) have this   character is t ic .  When freezing occur6 
within a system,  unbalance may occur i n  the  rotating  parts until the 
system is thawed. This problem could occur i n  any liquid-cooled system; 
it is not  unique t o   t h e  systems  proposed herein. It may be possible by 
the proper  design to   ut i l ize   pressurizing devices within t h e  system that 
would prohibit  drainage  to low parts of the system, so that unbalance 
with the coolant  frozen  could be elimiaated. 

* 

4 

Rejection of heat from the f i rs t  stages of a multistage  turbine  to 
the last stages was studied  briefly. A f e w  calculations  indicated that 
gas  temperatures at the last stages were t o o  high and the  surface area 
of the  stages  too small  t o  permit  heat r e j ec t ion   i n   t h i s  manner. 

Heat Rejection  within M a i n  Conpressor 

The main engine  axial-flow compressor offers a logical  location f o r  
rejection of  heat from the  turbine because of the relatively  large sur- 
face area that i s  available on the compressor blades. Heat from the tur- 
bine  rotors  could be rejected i n  the  compressor rotor  blades, and heat 
from the  turbine  stator could be rejected  in   the colqpressor s t a to r  blades. 
such a system is LlIustrated schemat icay   in   f igure  l ( a> .  

Advantages. - 
(1) Less alteration of the  external appearance of the  engine would 

be  required than for   e i ther  of the  other two systems. The compressor 
could  probably be of  approximately the same geometry, although some in- 
crease i n  compressor length might be recgired because of added stages 
result ing from lower permissible  blade loading, as w i l l  be discussed 
later. 

n 

Y 

(2> It is not  expected t h a t  additional  pressure  losses within the 
engine would resu l t  from a properly designed compressor used a6 a heat 
exchanger. In other words, it is assumedthat compressor efficiency 3L 

would not be affected  adversely. As stated i n  the  previous advantage, 
however, the compressor may have t o  differ from a conventional compreseor. 

c 
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Disadvantages. - 
(1) Heating of the boundary layer around the compressor blade may 

- 
resu l t  in decreased  boundary-layer s tab i l i ty ,  and the  permissible blade 
loading would be  smaller. As a result, a larger m e r  of Compressor 
stages may be  required f o r  a specified compressor pressure r a t i o .  

5 
* 0 

(2) The s t r e s s  leve ls  In compressor blades,  particularly  the  front 
stages, may be  too  high t o  permit  increasigg their temperature t o  loOOo 
or  llOOo F by circulatfng  high-temperature  coolant  through them.  The 
use of lower coolant  temperatures w o u l d  defeat the purpose of t he  pro- 
posed  system. 

(3) The work required to coqpress air t o  a specified  pressure i s  a 
direct  function of the absolute air temperature.  Therefore, re ject ion 
of heat t o   t he  compressor a i r   r e s u l t s  i n  increased compressor power 
requirements. 

? 
(4) Pumping the coolant in   rotat ing  heat  exchangers  depends on . 

natural-convection  forces w i t h i n  the coolant  passages. These forces in 
turn are a function of coolant  density change due t o  temperature changes 

k and differences in radius of rotation between the  heated and cooled  por- 
t ions of the circuit. For some designs where the compressor and turbine 
diameters axe approximately equal, the natural-convection punrping may be 
inadequate, par t icu lwly   in   the  rear compressor stages. 

(5) Limited calculations  indicate that f o r  high heat-re  jection rates 
the  surface  area  within  the compressor may be marginal, par t icu lar ly   in  
regard t o  stator  cooling. This area, of course, is a function of the 
compressor design.  Conservative desi- with more compressor stages 
would be be t te r  with respect t o  area than advanced designs  -such 86 a 
transonLC compressor. 

(6) Under subfreezing  conditions at the compressor i n l e t  some dif- 
f i cu l ty  may be encountered i n  thauing the coolant system. A possible 
thawing method might be hot-gas bleed t o  the compressor inlet. As men- 
tioned  previously,  freezing could be encountered  with any of the coolants 
suitable f o r  operation at high tempera-es. 

Heat Rejection ahead of Main Compressor 

Blade stress is proportional t o   t h e  square of %he blade t i p  speed. 
The s t resses  fn the  r o t a t i n g  heat exchanger could be very greatly re- 

smal l  auxiliary compressor might be added  ahead of %he main compressor 
t o  serve as the  heat exchanger (sham schematicdlyjin fig. l (b ) ) .  This 
compressor w o u l d  re jec t  heat t o  only part  of the &n compressor air, and 

r duced, therefore, by decreasing  the heat-exchanger Qiameter. Thus, a 

- 
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the  pressure rise in   t he  compressor would have t o  be only high enaugh t o  
overcome frictional  losses.  The compressor blade design and compressor 
length  could be ta i lored to provide  adequate heat-transfer  surface  area 
for  the  heat-rejection  rates  required. Limited studies  indicate that 
this auxilim compressor could be coneiderably smaller i n  dlameter and 
length than the m a i n  compressor. Also shown i n  figure l(b) is a station- 
ary heat exchanger at the compressor inlet   for   re ject ing  heat  from the 
turbine  stator blades. 

- 

Advantages. - 
(1) The stress l e v e l   i n  the heat exchanger is very much lower than 

i n  the compressor blades, so there would be less danger due t o  heating 
of the  blades. 

(2) The heat exchanger  can be readily thawed by frictional  heating 
if the exit guide  vmes of the auxiliary compressor are closed. 

(3) Coolant pumping characterist ics of the rotating members are 
supekor to those of the system i n  which heat is  rejected  in  the main 
compressor blades because of the  smaller diameter. 

(4) The heat-transf  er surface axea can be controlled by the  length 
o f t h e  heat exchanger, and heat-transfer  coefficients can be  controlled 
by  choice of blade sizes vzLthin the compressor. 3uch a compressor might 
be made of many rows of s m a l l  blades spaced c lose  together  without  stator 
blades. There i s  d s o  the  possibil i ty,  however, that   stator  blades could 
be used, and they  could serve  as the stationary heat exchanger for  reject- 
ing heat from the turbine stator blades. 

(5) The average air temperature t o  which the heat w o u l d  be rejected 
would be lower than for any of the  other systems  considered,  becsuse 
there would be no heat of compression d&d.  As a result, higher f l i gh t  
Mach numbers  would be possible and heat-exchanger  rmrface area could be 
smaller than f o r  the  other systems. 

Disadvantages. - 
(1) The system resu l t s  i n  increased  engine length and weight, and 

it may complicate the front  coqressor bear- arrangement. 

(2) The discharge of heated air at the  mer diameter of the  main 
comgressor i n l e t  may have a deleterious effect  on compressor  performance 
due t o  flow distortion. The seriousness of this effect  requires  further 
investigation. 
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(3) Under some f l ight   a t t i tudes,  f l o w  distributions from t he   i n l e t  
1 dif’fuser may make it d i f f i cu l t  t o  obtain adequate quantity of air 

flow through the auxiliary-compressor  heat exchanger. 

(4 )  A small amount of added turbine work i s  required. t o  ro ta te  this . 
heat exchanger and t o  provide  sufficient  pressure rise t o  ov&come f r i c -  
tional.  losses. 

s” 
dc 

(5) Rejection of heat ahead. of the main compressor resu l t s  in  in- 
creases i n  compessor power requirements that are higher  than  those for 
heat  reJection  ulthfn  the main compressor. 

Heat Rejection  behind Main Compressor 

H e a t  re ject ion within or ahead. of the main ‘compressor results i n  
increased  turbine work requirements  because of the  heat addition t o   t h e  
compressor air. !@€E objection could be overcome if the  heat  could be 
rejected at the compressor discharge i n  a manner similar t o  t ha t  illus- 
t ra ted  i n  f igure  I (c) .  Although the stresses i n  this type of rotat ing 
heat exchanger would probably be higher than  for  the smalll-diameter heat 

smaller than those of the  turbine blades or the  early stages of the com- 
pressor because of a higher hub-tip  radius  ratio (shorter blades). The 
essential   idea of this type of system is t o  extend the conpressor t o  
serve as a heat exchanger, but  the design would be one that favored  heat 
transfer and w o u l d  not  necessarily result i n  a pressure rise across  the 
unit .  

3 

8 exchanger placed ahead of the  a compressor, the stresses would be 

Advantages. - 
(1) This is a regenerative ty-pe of system where heat removed from 

the  cycle is replaced at the most advantageous spot, j u s t  ahead of the  
pr-y burners. This a;rrangement resu l t s  i n  the smallest possible  per- 
formance loss. 

(2) Under all f light  conditions  the  temperature of the heat exchanger 
w o u l d  be high enough t o  thaw coolants  such  as w a t e r  o r  NaK. 

(3) Heat-transfer  surface  axea and heat-transfer  coefficients can 
be controlled by the length and the design of the heat exchanger. 

Disadvantages. - 
(1) The heat is  rejected t o  the compres’sor air after all the heat 

of compression has been added. T h i s  higher temperature would impose a 
lower flight Mach  number l imitation on this system than f o r  e i ther  of 
the  other systems  discussed. 
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(2) The system results in increased  engine length and weight. For 
some applications the required  length of the heat exchauger may not be 
feasible.  

(3) For some designs the coolant pumping forces due t o   n a t u r a l  con- 
vection may be inadequate. If the compressor and turbine are approxi- 
mately  the same diameter, inadequate  natural-convection pumping is almost 
a certainty.  

5 
Coolant Pumping 

4 

As mentioned in the  disCU6Bion of heat  rejection within the main 
compressor, the  pumping of the coolant i n   t he   ro t a t ing  system would 
depend on the  natural-convection  forces  within  the  coolant. These forces 
c m  become very high with the proper  design. The pumping forces are  
higher  for water than for most other  coolants;  but, i f  there is  an ade- 
quate change of radius between the heated and cooled poe ions  of the  
coolant  circuit,  other  coolants such as NaK should be sat isfactory.  If 
necessary, the natural-convection pumping could be augmented by other 
means. Mechanical pumps  would. probably  cause some ra the r   d i f f i cu l t  
engineering problems, but it appears that electromagnetic pumps could be W 
used w i t h  coolants that have a high electrical  conductivity, such as Borne 
l i qu id  metals. Power f o r   t h e  pump could be supplied through s l i p  rings. 

h 

For stator  cooling  the  coolant  could be pumped by ei ther   sealed 
mechenlcal pumpe or electromagnetic pumps. The electromagnetic pumps 
would probably be more sat isfactory if the  coolant has a high enough 
electrical   conductivity,  because the   poss ib i l i ty  of coolant  contamins- 
t i o n  due t o  air leaks w o u l d  be eliminated. 

Engine  performance w a s  calculated  by  use of the procedures and 
curves of  reference 5 and the  cooled-turbine  heat-re3ection  rates  pre- 
sented  in  reference 4. These heat-rejection rates are based on the  as- 
signed  values  of compressor equivalent  weight flow, turbine aerodynamic 
design, work s p l i t  between turbine  stages, and turbine  blade  teqerature ,  
sol idi ty ,  and aspect   ra t io   specif ied  in   reference 4. Other  assigned 
values  required  for  calculation of engine  performance are l i s t e d  In the  
following table: 
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Variables a d  assigned  constants 

Number of turbine stages 
Flight Mach number, M 
Flight  al t i tude,  f t  

Sea-level s t a t i c  compressor p r e s m e  

Turbine-inlet  temperature, Tg, ?R 

Compressor adiabatic  efficiency 
Turbine adiabatic  efficiency 
Primary-combustor efficiency 
Afterburner efficiency 
Afterburner temperature, OR 
Exhaust-nozzle efficiency 
Turboprop gearbox efficiency 
Turboprop propeller  efficiency 
Primary-conibustor pressure  ratio, .;/pi 

Tailpipe and afterburner  pressure 

Tallpipe  pressure  ratio (without 

Heat-rejection rates, Q/wT 

ratio,  Pi//pi 

ratio,   pyp; 

afterburner), p;/p; 

r Turbojet 

I 
0.8-3.0 

50,000 t o  Bo, 000 

4-6 

2460,2800 
0 -85 
0 -85 
0.98 
0.96 
3500 
0 .so 
" - - 
"" 

0 -95 
0.90 

0 -95 

R e f .  4 

2 
0.8-3.0 

Sea level, 
and 50,000- ~,OOo 

6-12 

2460,2800 
0.85 
0 e85 
0.98 
0.90 
3500 
0.90 
"" 

"" 

0.95 
0.90 

0.95 

Ref. 4 

r 
3 

0.8 
3ea l e v e l  

12 

2460 
0 085 
0.85 
0.98 
"" 

"" 

0 .so 
0 -95 
0.80 
0.95 
- " - 

0.95 

R e f .  4 

Symbols are defined i n  appendix A. The ram recovery pi/&?; w&s assumed 

t o  vary  with f l i g h t  Mach  number. Values used were 0.96, 0.87, and 0.65 
at Mach nunibera of 0.8, 2.0, and 3.0, respec+ively. 

In this   report  engine performance is given on a re la t ive  basis. 
The standard i s  the performance calculated  for no heat  rejection. As an 
example, relative  thrust   values are equal t o  the r a t i o  of the  specif ic  
thrust  with  heat  rejection t o  the  specific  thrust-without  heat  rejection. 
For  turboprop  engines the  relative  .equivalent horsepower is obtained 
from the sum of the  shaft  horsepower and the  equivalent jet  thrus t  horse- 
power (product of Je t   th rus t  and velocity  divided by propeller  efficiency 
with  proper  conversion uni ts) .  The re la t ive   spec i f ic  fuel consumption 
f o r  turbojet  engines is based on the fuel f l o w  per pound of thrust;   for 
twboprop engines it is based on the   fue l  flow per equivalent horsepower. 

It is assumed that   the   ent i re   heat  load from-the  liquid-cooled tur- 
bines is rejected  either ahead of the main compressor, within  the main 
compressor, a f te r   the  main compressor, o r  in a sink  external t o  the en- 
gine. The changes necessary in the  engine performance calculations be- 
cause of heat  rejection at the  locations mentioned are discussed i n   t h i s  
section. - 
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Heat Rejection ahead of Main Compressor 

With heat reject ion ahead of the compressor, the  conpressor-inlFt 
temperature i s  increased. The increase of air temperature due t o   t h i s  
addition of heat can be closely approximated  by 

8 
4 

where (Q/wT) tot is the  sum of the  heat-reJection  rates for the  turbine 
s t a to r  and rotor  blades. The constant 0,00819 is (l+f )/518.7$, where 
mean values of specific  heat of 0.24 B t u  per pound per and fuel-& 
r a t i o  of 0.02 were used. Because of t he  small magnitude of this correc- 
t ion,  a refinement for var ia t ions  in   spec i f ic   hea t  h e   t o  temperature 
leve l  and fuel-air r a t i o  i s  not  warranted. 

The compressor specif ic  work and cou~pressor-outlet tempera- 
ture 1 3 ~  are  calculated from the  following  equations for  a given com- 
pressor  pressure  ratio: 

I 

and 

a 

I 

". 

w h e r e  (AE;/61)no. and (8Z/Bl)no me  obtained from reference 5 f o r  no 
heat  rejection. 

The temperature of the  gases i s  reduced by removal of heat by tur- 
bine  cooling.  This  reduction of gas temperature i s  given by (ref. 5) 

Assuming that the  ent i re   heat  removal takes  place at the turbine in le t ,  

'3 = '3,nO - hBT (5 1 
Actually,  the  heat removal  from the gases occurs all the way through the 
turbine,  but  calculations show that the  assumption t h a t  all the heat is 

- 
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removed at the turbine inlet has a s m a l l  effect  on calculated perform- 
ante. The calculations are greatly simplified by th i s  assumption. Once 
the  temperature  corrections  are made f o r  heat  addition and heat removal, 
t he  procedures of reference 5 a r e   f o l l a r e d t o  determine the  engine  per- 
formance when heat i s  reJected ahead. of the m i n  compressor. 

- 

H e a t  Rejection  behind Mafn Compressor 

8 
-P 

When heat is added at the  compressor outlet, only the compressor- 
outlet  temperature is  increased; that is, 

41 where AOC is determined from equation (1). As before, the  turbine- 

cu3 the engine performance i s  determined i n  accordance with reference 5. :: 

0 
cd 
P i n l e t  temperature e3 must be  corrected as in equation (5). Once again, 

u 
r; 

Heat Rejection  within Main Compressor 

When heat f r o m  the  turbine stator and rotor  blades is rejected t o  
the compressor s ta tor  and rotor blades, respec'tively,  both the compres- 
sor specif ic  work and out le t  temperature are affected. If it is 

assumed that the compressor i s  d iv ided  into  three  sections of equal  pres- 
sure r a t i o  with one-third of the heat added at the  entrance of each  sec- 
tion, then, as shown i n  appendix B, t h e   t o t a l  compressor specif ic  work 
f o r  a constant compressor polytropic  efficiency  in all stages i s  

where 

L 

and 
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The subscript f denotes the  portion of t he  work or  temperature r a t i o  
for  the  cube root of t h e   t o t a l  compressor pressure  ratio with no heat 
rejection. The compressor-outlet temperature, as shown i n  appendix BJ 
is given by 

Once and O2 me determined, the  engine performance i s  obtained 
from reference 5. 

Heat Rejection i n  Sink  External t o  Engine 

For comparison purposes a thermodynamic study w a s  made for  the  case 
where rotating heat exchangers w e r e  not used and.the coolant wa8 trans- 
fe r red   to  a heat exchanger where the heat rejected would not enter  into 
the engine  cycle. For this case the   re la t ive  engine thrust  o r  power 
w o u l d  be essentially  the same as when the heat is rejected  behind  the 
main compressor. The relat ive  specif ic  fuel consumption,  however, w o u l d  
increase by the same rate- that the relative thrust or power decreased. 
T h i s  eFFe-ct occurs  because the fuel-flaw ra t e   fo r  a constant  turbine- 
inlet temperature w o u l d  be  constant  regardless of the magnitude of the 
heat-rejection rate. As a resu l t  the relative specif ic   fuel  consuroption 
would be the reciprocal of the  relative thrust or relative  equivalent 
horsepower. (The possible thrust obtainable from heated aFr that could 
be discharged from a heat exchanger i n  flight is not considered.) 

KESULTS AND DISCUSSION 

Turbojet -Engine Performance 

In general,  the  turbine  equivalent work AH$/€), is increased by 

turbine  cooling,  becase  the  gas  temperature is reduced  (see  eq. (5)). 
In  addition, when heat is rejected ahead of and within  the compressor, 
the compressor specific work is  increased i n  accordance with equa- 

t ions (2) ana (7). AS goes up, we3 r ises .  TIE result ing in- 

creases i n  we3 due t o  heat re ject ion  for  a given  turbine-inlet 
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temperature and adiabatic  efficiency  reduce  the  turbine  pressure  ratio 

thrust FP/wc&. 

- pup;. A reduction  in  pup;  results i n  a decrease in the  net   specific 

PC 
0 

d 
0 

The effect  of heat  rejection on specif ic  fuel consumption i s  gener- 
a l l y  smaller than  the  effect on thrust ,  except f o r  heat  rejection  external 
t o  the engine, as  previously  explained.  Since  the  compressor-outlet tem- 
perature is increased  because of heat  rejection  within  the engine, l e s s  
fuel  per pound  of compressor-inlet air is burned f o r  a cooled  engine  than 
for  an uncooled  engine fo r  a constant  turbine-inlet  temperature. Thus, 
the   thrust   specif ic   fuel  consumption is affected t o  a sm&Uer degree  than 
the  specific  thrust  by  heat  rejection ahead of,  within, and behind the 
compressor, s ince  fuel  consumption as well as engine thrus t  i s  decreased. 

The performance variations due t o  heat  rejection at a  constant 
turbine-inlet  temperature  are  presented  herein by showing turbojet-engine 
performance with  heat  rejection  relative  to  the case with no heat 

3 rejection. 

As w o u l d  be expecteg f r o m  the preceding  discussion,  figure 2 shows 
G tha t   the   re la t ive  thrust of a turbojet  engine  decreases  with  increasing 

heat  rejection. It will also be noted that the  far ther  forward on the  
engine the  heat fs rejected,  the  higher will be  the thrust losses due t o  
heat  rejection. When the  heat is rejected behind the main compressor o r  
i n  a sink  external t o  the  engine, the  thrust  loss results f r o m  a decrease 
in   turbine gas  temperature  only. The thrust  loss f r o m  added compressor 
and turbine work is  higher  with  heat  rejection ahead of tpe compressor 
than with  heat  rejection  within  the compressor, because  compressor work 
is directly  proportional t o  inlet temperature. The compressor-inlet tem- 
perature is highest when all the  heat is rejected ahead of the compressor. 

The spec i f ic   fue l  consumption increases when the  heat is rejected 
within o r  ahead of the compressor o r  i n  a sink external t o  the engine, 
but it decreases when the  heat is  rejected behind the compressor. The 
reason  for  the improved specific fuel consumption when heat is rejected 
behind the compressor i s  that the  effect  on engine performance is exactly 
the same as if  the  turbine-inlet  temperature were s l igh t ly  reduced (the 
fuel-flow r a t e  decreases i n   t h e  same manner that 83 decreases f r o m  eq. 
(5)). The gas temperature f o r  best   specif ic   fuel  consumption fo r  a turbo- 
jet engine i s  lower than the  value of 2460° R used i n  the  calculation of 
resul ts  shown i n  figure 2. 

The resu l t s  shown f o r  heat  rejection t o  a sink  external t o  the en- 
gine  represent  the worst possible  case  with  respect  to  specific fuel con- 
sumption, because all the  heat is l o s t  t o  the  cycle. If some of this 
heat  could be u t i l i zed   for   ob ta in ing   je t  thrust o r  in  heating  the  fuel,  
the   speclf ic   fuel  consumption would be  lower. A6 stated previously,  the 

c 



14 . NACA RM E56B09 

performance for   heat   re ject ion  to  a sink external t o   t h e  engine was con- 
sidered fo r  comparison purposes..only. No consideration w a s  given as t o  
the  pract ical i ty  of  such 813 arrangement. The turbojet-engine performance 
result ing when heat is re jec ted   in  a sink  external  to  the engine will not 
be discussed  further. Th i s  performance can be obtained, however,  from 
any of the  curves  presented,  since  the  relative -st is the same as fo r  
heat  rejection  behind  the main compressor, and the  relative spec i f ic   fue l  
consumption i s  the  reciprocal of the  re la t ive thrust. 

- 

In   order   to  determine the engine  performance that can  be expected 5 4 
from liquid-cooled  engines for a range of engine and f l i gh t  conditions, 
the  heat-rejection  rates  obtained from the etudy i n  reference 4 were in- 
corporated  into  engine performance calculations. Heat-re jection-rate 
variations  that  occur  with changes in  turbine-inlet  temperature, compres- 
sor pressure  ratio,   f l ight Mach number, compressor equivalent  weight flow, 
and f l i gh t  altitude are taken -om reference 4 and are ehown i n  figure 3. 
The relative performances  obtained  wtth  the  Ut-rejection rates shown 
are presented in   f igures  4 t o  7. These  performance resu l t s  show only 
the   effects  of heat  rejection as influenced  by  turbine-inlet temperature, 
compressor pressure  ratio, flight Mach nuniber, and so forth. The direct  
effects  of turbine-inlet  temperature, compressor pressure rat io ,   f l ight  
Mach number, compressor equivalent weight flow, and f l i g h t   d t i t u d e  on * 
engine power (thrust or horsepower)  and fuel consumption are not shown. 
These direct   effects  are included i n  other studies (such 88 refs .  6 and 
7). The  conibined effect  of liquid-cooling,  turbine-inlet  temperature, 
compressor pressure  ratio, and so forth, can be  obtdned by multiplying 
the   re la t ive  performance vaJ-ues given  herein  by  the  absolute performance 
values  without  heat  rejection such as shown in references 6 and 7 .  

* 

Effect of compressor pressure  ratio. - In figure 4 re lat ive t h e t  
and relative specific f’uel consumption are  plotted  against  sea-level 
compressor pressure  ratio for heat  rejection ahead of, within, and  be- 
hind  the main compressor. The curves are  sham  for  turbine-inlet  tem- 
peratures of 2460° and 280O0 R, a f l i gh t  Mach number of 2.0 at an &ti- 
tude of 50,000 feet, and a sea-level s t a t i c  compressor equivalent weight 
f l o w  of 35.0 pounds per second per square foot. Both nomfterburning 
and afterburning  liquid-cooled  turbojet  engines are considered. 

Nonafterburning engine: For the  one-stage  turbines  operating at a 
turbine-id&  temperature of 2460° R (fig. 4(a) ), the  thrust reductions 
due t o  heat  rejection ahead of, within, and behind the compressor are 

roughly 2 ~ ,  2, and 1- percent,  respectively. The amount of heat that 
must be rejected  for   the two-stage turbines is almost  double tha t   fo r  
the one-stage  turbines  (see  fig.  3(a)). T h i s  increase  in (Q/wT)tot is 
re f lec ted   in   l a rger  thrust reductions  for  the two-stage turbines. For a 
turbine-inlet  temperature of 2460° R and change in (pi/~i)~~ from 6 t o  

1 1 
2 
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12, the  thrust  is decreased from about 5 t o  8  percent  for  heat  rejection 

about  4 t o  6 and 2.5 t o  3 percent are observed f o r  heat  rejection  within 
and behind the compressor, respectively. 

- ahead of the compressor. A t  these same conditions,  thrust  reductions of 

Reflecting  the  relative thrust resu l t s  of  figure  4(a) into re la t ive  
specif ic   fuel  conmrmption  shows a 6- effect  due to  heat  rejection, as 
elrplained  previously. The specffic  fuel consumption for  heat  rejection 
behind the  compressor is less than that for  no heat  rejection  for  the 

6 one- and  two-stage turbines. 
0 + 

When the  turbine-inlet  temperature is increased t o  2800' R (fig. 
4(b) ), the  same trends observed in  figure  4(a)  are  repeated,  the  percent- 
age reductions in  thrust   being greater at the  higher  turbine-inlet 
temperature. 

Afterburning  engine:  Figures  4(c) and (a} show the  performance 
variations due t o  heat  rejection  for  afterburning  turbojet  engines  oper- 

burner  temperature of 3500° R. The addition of the  afterburner  tends t o  
cancel  the  thrust  reductions due t o  he& rejection. As a result, the 

about 3 percent. 

* sting at turbine-inlet  temperatures of 2460° and 2800° R with an  af'ter- 

d largest  decrease  in thrust occurring  for  the  afterburning  engine is only 

The specific-fuel-consumption  results  sham  in figures 4(c) and (a3 
axe affected  directly by the  thrust  changes, since  the  fuel consumption 
re&s p r a c t i c w  constant  regardless of heat  rejection,  because  the 
over-all  engine  temperature  ratio  for a specified  afterburner  temperabe 
i s  independent of t ransfer  of heat from one place t o  another  inside  the 
engine. The percentage  increase in   specif ic  fuel consumption is therefore 
about the same as  the  percentage  decrease  in  thrust. The percentages are 
not exactly  the same, because the  conibustion efficiency of the  afterburner 
is lower than tha t  of  the primary burner. 

As a further  explanation  for a relat ive  specif ic   fuel  consumption 
greater than 1.0 f o r  heat  rejection  behind  the main compressor, reference 
6 shows that the  specific fuel consumption of afterburning  engines im- 
proves as  turbine-inlet  temperature  increases.  Since  cooling  the  turbine 
and rejecting  the  heat behind the compressor have the  same effect   as  de- 
creasing  the  turbine-inlet  temperature,  the  relative  specific fuel con- 
sumption therefore  increases  opposite  to  the  case  for  nonafterburning 
engines. 

c 

Effect of flight Mach nuniber. - The effects  of f l i gh t  Mach  number 
M on liquid-cooled  turbojet-engine performance when rejecting  heat ahead 
of, withfn, and behind the compressor a re   i l lus t ra ted   in   f igure  5. O n l y  
a  one-stage  turbine  uith ( p ; / ~ i ) ~ ~  = 6.0 and a two-stage turbine  with 
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(pi/pi),2 = 12.0 are  considered for a nonafterburning  engine  operating 
at a turbine-inlet  temperature of 2460' X, an  alt i tude of 50,000 feet, 
and a compressor equivalent weight flow of 35 porn& 
per second per. square  foot. The effects of other  values of  (p&/pi)sz, a 
turbine-inlet  temperature of 2800° R, and use of an afterburner on the 
results  presented i n  figure 5 may be  inferred from figure 4. Effects of 
var ia t ions  in  (wc fi/A@l)s2 and altitude are  discussed i n  the  follow- 
ing  sections. 8 4 

As shown i n  figure 3(b) for  a one-stage  turbine, (Q/wT)tot decreases 
about 37 percent as M changes from 0.8 t o  3.0. The effect  of' t h i s  
change on the  re la t ive  thrust is shown in  f igure  5(a);   the  relative- 
specific-thrust changes due t o  liquid-cooling  are of approximately  the 
same trend and magnitude as indicated  in  figure 2 fo r  corresponding  values 
of Q/wT. Flight Mach nunher effects on heat rejection cause l i t t l e  
change i n  thrust specific fuel consumption for  the one-stage  turbine. 
.This effect  is somewhat a t  variance with figure 2 and is caused by a 
change i n  optimum turbine-inlet temperature for  a given compressor pres- 
sure   ra t io  as f l i gh t  hhch nuniber is increased. 

The effect  of f l i g h t  Mach rider on the specific thrust of a two- 
stage  turbine  engine (fig. 5(b))  is different from that for the one-etage 
turbine. There is a slight  decrease i n  thrust  as the  f l i gh t  Mach  number 
is increased even though the  heat-rejection rates decrease. h explana- 
t i on   fo r   t h i s  behavior w i l l  be  given i n  the f o l l o d n g  discuseion on spe- 
c i f i c  fuel consumption variatians w i t h  f l i g h t  Mach nmiber. 

The specific fuel consumption fo r  an engine with a sea-level  static 
compressor pressure  ratio of 12 ( f ig .  5(b)) r i s e s  rather rapidly as the 
f l i gh t  Mach rider increases. This increase is out of proportion t o  that 
shown in   f igure 2 for  corresponding variations i n  Q/wT or when  compared 
with corresponding changes in   re la t ive   th rus t .  These large  effects on 
specific fuel consumption result from changes in  over-all  engine  pressure 
and temperature  ratios as f l i gh t  Mach n&er increases. A t  the  high Mch 
numbers the  engine temperature r a t i o  fs decreasing, and heat removal at 
the  tu rb ine  by l iquid-cooling  results  in a more significant 106s i n  thrust 
than OCCWE at lower f l i gh t  speeds or  lower com@essor pressure  ratios. 
In  addition the engine i s  i n  a less efficient  region of operation. Aa a 
resul t ,  the  specific fuel consumption increases beyond that expected from 
an examination of figure 2. A t  a lower compressor preseure  ratio, as 
shown in figure 5(a), t h i s  effect  is not observed, because the  best- 
economy turbine-inlet  temperature has not been exceeded for  that pressure -. 
ra t io .  This trend  gives  evidence, similar t o  that obtained i n  many other 
unpublished  cycle  analyses, that high compressor pressure r a t i o 8  are not 
desirable a t  high  supersonic flight speeds. I 
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- Effect-of compressor equivalent w e i g h t  flow. - Figure 6 shows the 
effects of sea-level compressor equivalent w e i g h t  flow, ( ~ ~ f l / ~ ~ 6 ~ ) ~ ~ ,  

f o r  engines  operating at a fli&t Mach number of 2.0, all other  conditions 
being  the same 86 i n  figme 5. For the one-stage turbine, no significant 
effect  i s  observed f o r  e i ther   re la t ive  thrust   or   re la t ive  specif ic  fuel 
conswngtion as (wcfl/AC61)sz i s  varied. 

s 
0 squa;re f o o t  f o r  the two-stage turbine,   the  relative  thrust   tends  to  in- 

As ( w c ~ / A c ~ l ) s z  i s  var ied  from 20 t o  35 pounds per second per 

crease  slightly. This increase is due t o  the decreasing (Q/wT)tot, 86 

shown in   f igure  3(c}. Changes i n  relative specific fuel consumption wi%h 
(wc flJ+E4} sz are a direct  result of the   thrust  changes. 

-Y 

M 

6. Effect of d t f t u d e .  - The effects  of a l t i tude  on the  performance of 
liquid-cooled  turbo jet engines due t o  heat  rejection  we  presented i n  

stage  turbines as the   a l t i tude  varfes from 50,000 to 80,000 fee t   a re  
again a direct  result of the  increases  in (Q/wT)tOt over this range of 
a l t i tude  (see fig.  3(d)). For the one-stage  turbine, the thrust is re- 
duced f r Q m  about 3 t o  5 percent and 1.5 t o  2.5 percen%  with  heat  rejec- 
t i on  ahead of and. behind the cornpressor, respectively, as a l t i tude  is 
increased from 50,000 t o  80,000 feet. For these same conditions, thrust 
reductions from  about 8 t o  13 percent and 3 t o  5 percent  occur for   the  
two-stage turbine. The specific fuel consumption behaves i n  the same 
manner as shown i n  figure 2 as the   re la t ive   spec i f ic  thrust decreases. 

c figure 7. The decreases in  thrust   obtained  for  both  the one- and two- 

" 

Turboprop-Engine Performance 

The very smal l  blades of turboprop  engines are  genemU.y more dif- 
ficult t o  cool  with air than the larger turbojet blades. The reasons 
are tha t  it is more d i f f i cu l t  t o  provide  the r e w e d  augmented heat- 
transfer surface  inside small &-cooled blades and that the heat trans- 
f e r r e d   t o  the gas per unit of blade  surface area is  higher f o r  the smaller 
blades. Consequently, liquid-cooling of the very smal l  turboprop  blades 
may be more promising than air-cooling.  For this reason, the e f fec t  of 
heat  rejection on the  performance of liquid-cooled tur'boprop engines WBS 
investigated. As in  the  turbojet-engine study,  heat w a s  rejected ahead 
of, within, and behind the  main compressor and i n  a sink external t o  the  
engine.  Calculations were made f o r  a turbine-inlet  temperature of 2460° 

nuniber of 0.8 at sea level.  Other assigned values  necessary f o r  these 
calculations  are listed i n  the table i n  the  section ANALYTICAL PRCCEIURES. 

c R, a sea- level   s ta t ic  compressor pressure r a t i o  of 12, and a f l i g h t  Mach 

* 
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The relative equivalent horsepower and re la t ive   spec i f ic   fue l  con- 
sumption are  shown in the  following  table  for heat re ject ion ahead of, 
within,  and behind the main compressor and i n  a s i n k  external t o  the 
engine : 

Location of 

heat-re  jection 
equivalent  liquid-cooling 
Rela t ive  

sink 
horsepower 

Ahead of 0.883 

Within compressor .916 
Behind compressor 

.966 External  to  engine 

.966 

compressor 

Relative 
specif ic  
fuel con- 
sumption 

In   o rder   to  compare the   e f fec ts  of heat  rejection on turboprop- and 
turbojet-engine performance, calculations were made for a liqvid-cooled 
turbojet  engine  operating at the same flight conditions and 6- compres- 
sor  pressure  ratio as the  turboprop e a n e .  The results are shown i n  
the following table: A. 

- 

Location of 

heat-rejection fuel con- 
sumption 

Ahead of 0.947 1.013 

Within compressor 1.011 
Behind  compressor 

1.014 

compressor 

Comparison of  the results from the two tables shows that   the   per-  
formance of a liquid-cooled  turboprop  engine is  affected more than that 
of a liquid-cooled  turbojet when heat is rejected at the same location 
of each  engine. 

Comparison of Engine  Performance with Licpld- and Air-Cooling 

Variations i n  performance-due to cooling result, for  the mst part, 
from completely  different  remons f a r  air- and liquid-cooling. The only 
s imi la r i ty  is that in   bo th  case6 heat is removed from the gases by the 
blades. This heat removal results i n  a slight reduction i n  turbine work 
due t o  reducing the turbine gas temperature. With liquid-cooLing, the  
heat removed is  unavailable for producing J e t  thrust. With air-cooling, 
however, the  heat r-emoved from the gases is transferred t o  the cooling 

.. 

- 
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air. The cooling air mixes with the gases after leaving  the  turbine 
blade, so that the  heat  temporazily removed by cooling is s t i l l  available 
f o r  producing Jet   thrust .  For t h i s  reason  the  heat removal due to cool- 
ing i s  less  serious f o r  air-cooling  than f o r  liquid-cooling  for  turbojet 
engines. The effect  is  similar  for  turboprop engfnes. 

- 

Turbojet  engines. - As discussed in  reference 6, the  primary effects  
of air-cooling on turbojet  engines are (1) the exhaust-gas  temperature 
for  a given turbine-inlet  temperature is reduced, because p& of t he  
compressor a i r  (the air used fo r  cooling) bgpesses the  burner and is 
mixed with the  conibustion gases at or  downstream  of the turbine, and (2) 
additional turbine work is  required because of cooUng-& pumping both 
i n  the compressor and i n  the turbine  rotor. This additional  turbine work 
r e s u l t s   i n  added temperabme  and pressure  drops across the  turbine. Both 
of these effects  reduce the  engine thrus t  and usually cause an increase 
i n  specific fuel consumption. The f i rs t  effect  is by'fax  the  largest .  
The second is often made even smal ler  by recovery of par t  of the m i n g  
work by the  reaction of cooling-air on the blades as it is ascharged 
in to   the  gas stream. This effect"will be discussed later. 

For the  liquid-cooling schemes that use heat rejection in  or a h e d  
of the compressor, the primary  cause for  losses in  performance i s  that 
the compressor work (and i n  turn the  turbine work) is increased  because 
of higher air tqeratures. This addi t ional  work reduces the engine 
thrust  and increases the spec i f ic   fue l  comumption a8 discussed. previ- 
ously, When the  heat i s  rejected at the  compressor exit, the  thrust re- 
duction  results  entirely from a reduction  in  turbine  gas  temperature. 
Generally, the  specff ic   fuel  consumption is improved f o r  a constant 
turbine-inlet  temperatme and heat  rejection at the compressor e x i t  (see 
f ig .  2). 

In order t o  compare the  effects  of U@d- and air-cooling on per- 
formance, results presented in  reference 6 f o r  air-cooling,  using air 
bled from the  compressor ex i t  and a flight Mach nuniber of 2, were cross- 
plotted so Ghat they  could be presented i n  the same form as the  l iquid- 
cooling  results  presented  herein. The effect  of &-cooling on specif ic  
thrust and spec i f ic   fue l  consumption is s h m  in  figure 8 88 a function 
of sea- leve l  s t a t i c  compressor pressure  ra t io  f o r  both afterburning and 
nonafterburning  turbojet  engines  for  turbine-inlet  temperatures of 2460° 
and 280O0 R. By comparing this   f igure  with figure 4, the effects  of air- 
and liquid-cooling on engine performance  can be corqpared. 

The previously mentioned comparison can be more easi ly  seen by 
plot t ing  the performance of air- and liquid-cooled  engines on the  sqme 
curve, as shown i n  figure 9 f o r  nonafterburnhg turbojet  engines and i n  
figure 10 f o r  afterburning turbojet  engines. The comparison is made fo r  

s t a t i c  compressor equiva len t  weight f l o w  of 35 pounds per second per 
square foo t  of frontal  area. 

c 

- a flight Mach  number of 2.0 a t  an a l t i tude  of 50,OOO fee t  f o r  a sea-level 
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It is diff icul t   to   evaluate  the two cooling methods from figures 9 
and 10 alone,  because the required dilution  (ratio of cooling-air flow 
t o  compressor-inlet f l o w )  i s  not knm unt i l   cdcula t ibns  are made f o r  a 
particular engine and turbine  blade  configuration.  Dilution  increases 
with turbine-inlet temperature and flight Mach number and decreases  as 
the blade cooling  effectiveness i s  improved. An approximate indication 
of air-cooling  requirements can be given, however, for   the flight condi- 
tions considered i n  figures 9 and 10. A good air-cooling system using 
air bled from the  compressor ex i t  would probably  require between 3 and 6 
percent  cooling air at a turbine-inlet temperature of 2460' R and between 5 4 
6 and 9 percent at 280°  R at the  conditions specified  in  f igures 9 and 
10. The type of liquid-cooling scheme tha t  can be  used depende on fac- 
t o r s  discussed ear l ier .  

For  both  nonafterburning and afterburning  engines (figs. 9 and lo), 
better engine  performance can be  obtained  with  liquid-cooling  than  with 
air-cooling i f  the  heat from liquid-cooling can be rejected at the  com- 
pressor  exit. If, however, the  complication is too  great  or  the 
conpressor-discharge temperatures are too high to   re jec t   hea t  at this 
location, it i s  often  questionable whether there is any advantage t o  
liquid-cooling  over  air-cooling b a e d  on eng-lne performance. 

Although not shown herein, the comparison  between air- and liquid- 
cooling w o u l d  be similar at other  a l t i tudes and other compressor equiv- 
alent weight  flows. If air-cooling is  used a t  fllght Mach nuzlibers of 
2.5 and higher, it may be  necessary t o  use  heat  exchangers t o  reduce 
cooling-air  temperatures  because of excessively  high  compressor-discharge 
temperatures. If air-to-air  heat exchangers are used a t  the compressor 
i n l e t   fo r  reducing cooling-air  temperature, the  engine  performance w i l l  
suffer because of heat  addition t o   t h e  compressor air. In this case  the 
air-cooled engine performance would be poorer  than that indicated in f ig-  
ures 9 and 10,' and  liquid-cooling would possibly look more promising in  
comparison. A t  these flight conditions  compressor-discharge  temperatures 
would be too  high t o  make liquid-cooling  heat  rejection at the compressor 
exit   feasible.  O n l y  heat  rejection ahead of or  within  the compressor 
could be considered for  liquid-cooling. 

F r o m  t h i s  study,  therefore, it appears for  turbojet  engines that 
(1) higher  flight Mach rmmbers are possible  with a liquid-cooling  system 
with  heat  rejection i n  a heat exchanger ahead of the engine  compressor 
than with an air-cooling system using compressor bleed without  refrigera- 
tion; (2) when it i s  possible  to  use a Uquid-cooUng system in w h i c h  heat 
is rejected at the  compressor exit, the engine performance will be supe- 
r i o r   t o  that obtained  with  air-coolingj and (3) with heat rejected from 
liquid-cooling at locations  other  than  the compressor exit, air-cooled 
engine  performance will probably be superior until a f l i gh t  Mach  number 
is reached at which some device is required  for  cooling  the  cooling a i r  
after it is bled from the engine  compressor. 

. 
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Turboprop engines. - In this   invest igat ion on liqufd-cooling  effects - on engine performance, turboprop  calculations were made at a turbine- 
inlet temperature of 2460' R, a f'light Mach nuuiber of 0.8 at sea level ,  
and a colqpressor pressure  ratio ef 12. Air-cooled engine performance was  
not calculated at exactly  these same conditians in reference 63 but from 
the  trends of the results, the estimated performance can be  predicted a t  
the same engine and flight conditions used in the  liqpid-cooldng cdcula-  
t i ons  . In the following tab le   the  engine performance wfth liquid-cooling 
fs tabulated, and the approximate air-cooling dilut ion that would result 
in the same performance is shown. The values of ecpivalent horsepower 
and e q i v d e n t   s p e c i f i c  Fuel cansumptian are relative to the case with 

c 

no heat  rejection: 

Location of liquid- 
cooling heat - ApproxLmate Relative 

dilution f o r  horsepower rejection sink 
air-cooling equivalent 

with 

horsepuwer as cooling 
equivalent liquid- 
same re la t ive  

with  liquid- 
C O O ~ I l g  

Ahead of compressor 
W i t b i n  compressor 

0.08 0.883 

. 02 .966 External  to engine 

.02 . 966 Behind compressor 
06 .916 

From the   resu l t s  shown i n  this t&le for 

Relatfve 

di lut ion for fuel con- 
air-cooling specific 
Approximate 

lsumption same relative 
uith specific fuel 
liwd- consumption BE 

~ 0 0 l i n g  wfth ligufd- 
cooling 

1.067 
1.041 

0.12 

a turboprop  engine and 

.07 1.035 

.09 
~ 1.006 . 015 

those shown in  figures 9 and 10 for turbojet  engines, it appears that, 
re la t ive  to &-cooled  engfne  performasce, the performance of l iquid- . cooled  turboprop  engines suffers mre  than  that of liquid-cooled  turbo- 
jet engines. In other words, air-cooled  turboprop  engines can use more 
cooling air than air-cooled turbo jet englnes before  the  perf OrmaTlce is 
worse than f o r  the  respectfve iiquid-cwled engine. There is the  possi- 
b i l i t y ,  however, that the  required r a t i o  of coollng-air  f l o w  t o  gas f l o w  
may be higher f o r  turboprop  engines than f o r  turbojet engines  because of 
higher gas-to-bhde heat-transfer rates that r e ~ u l t  with small blades. 
The exact quantit ies of cooling air required could only be obtained  by 
use of extensive  analysis. It can be  seen from the  table, however, that 
821 e - c o o l e d  turbine would have to require i n  excess of 9 and 1 2  percent 
of the compressor air fo r  cooling before  liquid-cooled  engine  performance 
would  be superior with heat  rejection w i t h i n  and ahead of the compressor, 
respectively. It is estimated, however, that ,  i f  the  heat f r o m  a liquid- 
cooling system can be rejected behind the compressor, the turboprop- 
engine performance w i l l .  be  better than cquld be' expected uith air-cooling 
schemes . 
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It i s  diff icul t   to   reach  def ini te  conclusions as t o  the   re la t ive  
advantages of air- and liquid-cooling.  Studies of fabrication and oper- 
ational problems are required  to determine  wmch..system would be gore 
practical. As an example, turboprop  blades may be so small that  air- 
cooling may not  be  feasible. I n  such a case lazger performance losses 
result ing from liquid-cooling  with  heat  rejection  within 01: ahead of the 
compressor may have t o  be  tolerated in order to   rea l ize   the   benef i t s  of 
higher  turbine-inlet  temperatures. fiom a s t u d y  of  reference 6 and the 
air-cooling  dilutions that correspond t o   t h e  same liquld-cooled  engine 
performance, it appeazs that, i f  a liquid-coQled  .turboprop  engine  could 
be  operated at a turbine-inlet  temperature 50O0 F above that possible 
fo r  an uncooled  engine and i f   t h e  heat were rejected  wlthin  the compres- 
sor, the  power output of the engine  could  be  increased a Uttle over  50 
percent  with  about a 4-percent  saving in   specif ic  f’uel consumption. 

4 

A factor  that  favors  air-cooling  should a l s o  be considered when 
comparing the results of a i r -  and licpid-cooling on performance of  both 
turbojet and turboprop  engines. The p e r f o m c e  .of air-cooled  engines- 
w i l l  probably  be somewhat superior  to  that  reported  in  reference 6. 
Since  publication of reference 6, an  investigation has been  conducted on 
the  effects of air-cooling on turbine  efficiency. The results obtained 
experimentally from two turbines are reported in  reference 8. This ref-  
erence shows that  the  discharge of coollug air at the  turbine blade t i p s  
can result i n  added turbine work, with a result ing improvement i n   e f f i -  
ciency above that used in  the  calculations of  reference 6 .  An analytical 
study  reported in  reference 9 indicates that thls added work is primarily 
the   resu l t  of reaction of the  cooling air on the  turbine  blade after it 
is discharged at the  blade  tip.  This  efficiency imgrovement will vary 
with  different  turbines, so that the  exact amount of performance improve- 
ment due t o  this effect  i s  d i f f icu l t  t o  predict. It can be  said, however, 
that air-cooled  engine  performance will generally be no worse than  that 
shown in  reference 6. For turbojet  engines  the  thrust and specif ic  fuel 
consumption c d d  be improved up t o  about 2 percent  because of efficiency 
improvement. For turboprop  engines the power and s p e c i f i c   f u e l   c o n s q -  
ticm could  be improved up t o  about 10. percent. These improvements are 
based on a possible  5-percent improvement in  turbine  efficiency and the 
results shown i n  reference 6. 

. 

CONCWDING HEMARI(s 

A s  a resu l t  of an analytical  investigation of the  effects of liquid- 
cooling on turbojet- and turboprop-engine  performance, the  following 
conclusions can be drawn: 

(1) 1% may be desirable t o  use  liquid-cooling  rather than a i r -  
cooling  for some gas-turbine-engine  applications. With t h e  proper tXFe 
of liquia-cooling system, higher  flight. speeds  appear feasible, and the 
cooling of very small turbine blades will probably  be  easier  than wi th  
air-cooling. 

c 
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(2) The pract ical i ty  of liquid-cooling can  be greatly improved f o r  - 
--turbine  engines i f  coolants such as l iquid metals or  w a t e r  at super- 
cri t ical   pressures can be used so tha t  coolant  temperatures  can  be  in- 
creased t o  the  point  that  heat-rejection rates are subs t an t id ly  reduced. 
A suggested method of obtaining  this improvement is t o   u t i l i z e  a rotat ing 
heat  exchanger t o  eliminate  coolant  seals between stationary and rotat ing 
parts. Such a system  could reject heat shead of, withrtn, or behind the 
engine comgressor. 

F 
0 
0 * (3) Liquid-cooled  engine performance i s  substantially affected by 

the  location of heat  rejection  within  the  engine. For the  best  engine 
performance, heat  rejection  should occur at the  comgressor discharge. 
The performance is considera;bly  poorer if heat is rejected at the  com- 
pressor inlet. Heat rejection at the compressor inlet would be  desira- 
ble, however, t o  permit  cooled-engine  operation at very  high f l i gh t  
speeds.  This  location is also dvantageous i n   t h a t  a system with ade- 
quate  coolant pumping characterist ics may be provided,  and it appears 
practical  with respect to   fabr ica t ion  and  operation. 

* 

(4) For turbojet  engines it appears that: ( a) H i g h e r  f l i g h t  Mach 
nunibers are possible  with a liquid-cooling s y s t e m  w i t h  heat  rejection in  
a heat  exchanger ahead of the  engine compressor than  with an air-cooling 
system using compressor bleed air without  retkigeration. (b) When it is  
possible t o  use a liquid-cooling  system with heat  rejection at the  com- 
pressor exit, the  engine performance w i l l  be  superior t o  that  obtained 
with  air-cooling.  (c> With heat  rejected from liquid-coolfng at loca- 
tions  other  than  the cozqpressor exit, air-coaled  engine performance will 
probably  be  superior u n t i l  a flight Mach  number is  reached where some 
device is required f o r  cooling the  air af'ter it is bled from the  
compressor. 

- 

(5) For turboprop  engines it appeaxs that cooling of s m a l l  turbine 
blades may be more successful wTth l iquids than with air, but  the  heat 
from the  liquid  coolant will probably have t o  be rejected at the  compres- 
sor exit i n  order t o  also ensure  engine performance tha t  is superior t o  
that with  air-cooling. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Couunittee for  Aeronautics 

Cleveland, Ohio, February 14, 1956 
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APPENDIX A 

SYMBOLS 

The following synibols axe used i n  this report: 

compressor frontal   area,  sq f t  

specific  heat at constant  pressure, Btu/(  lb) (OR) 

net thrust, l b  

Fuel-air r a t i o  

enthalpy,  Btu/lb 

flight Mach  number 

pressure, lb/sq f% 

heat-re j ection  rate, Btu/lb 

temperature, OR 

weight-flow rate, lb/sec 

r a t i o  of total   pressure t o  mAcA standard  sea-level  pressure of 
2116 1b/sq f’t 

r a t i o  of t o t a l  temperature t o  NACA standard  sea-level  temperature 
of 518.7’ R 

8” 4 

. 

Subscripts: 

C compressor 

f denotes  portion-of work o r  tenperatme ra t io   for  cube r o o t  of 
t o t a l  compressor pressure  ratio  with no heat  rejectfon 

no no heat  rejection 

sz sea-level s t a t i c  

T turbine 
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tot t o t a l  

0 ahead of engine 
- 

1 compressor inlet 

2 compressor outlet 

I? 

d 
8 

3 turbine inlet 

4 turbine outlet 

5 exhaust nozzle 

Superscript: 

I stagnation conditions 

25 
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DERIVATION OF EQUATIONS FOR COMPRESSOR S P E C I F I C  WORK AND cKTTL@r 

TEMPEWKE FOR HEXC REJECTION W I T H I N  MAIN COMPRESSOR 

Assume that the main compressor is divided  into three par ts  of equal 
compressor pressure  ratio  with  one-third 0.f the  heat  being added a t t h e  rp 
entrance of each part. For constant  polytropic  efficiency  the  equivalent 
specific work of each  section will also be equal. Thus, when the com- 
pressor i s  represented  schematically, 

0 s 

1 

there   resul ts  

2 

The t o t a l  compressor specific work is 

Equation (B2) may be  written aa 

heat is added equally at the  entrance of 

(8111 = (% + 

each section) 

3) 3 
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where A3, is obtained from equation (1). Now, le t  the  subscript  f 

denote the  portion of temperature o r  equivalent mrk for t he  cube root % 
P of the t o t a l  compressor pressure  ra t io  and for a constant  polytropic ef- 
T- ficiency  through  the compressor. Then, 

a3 

b 

(B8) 

Combining equations (B3) t o  (B8) and simplifying  give the t o t a l  compres- 
sor  specific work f o r  heat rejection  within  the compressor as 

For the  case where there  is no heat  rejection, Mc is s e t  e q m  t o  zero 
and equation (7) becomes 
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where, from equation (B7), 
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The coqressor-outlet  temperature may be  obtained from the  following: 

Now, combining equations ( B l l ) ,  (B7 ), (B6), and (BQ) and simplifying, 

e2 = (%)f ((212 [(%)f (81 + %) + M C  T] + mc T} 
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n I I 

(a) H e a t  rejection  within main compressor. 

Auxiliary courpressar 
and heat exchangers 

(b) Heat rejection in auxiliary  co~~~pressor and heat exchanger 
ahead of main  compressor. 

exchangers 

Compressor U 

(c) Heat rejection  in  rotating and stationary heat exchangers 
behind main  compressor. 

. . . - . - . -. . . . - . 0 
.::E:+i:; Turbine stator coolant circulation 

" . .. 

.. . ..... . . . - . . . . . " 

Figure 1. - Three possible methods of rejecting heat In liquid- 
cooled turbine engines. 

." 

" - " 

. 
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v 4007 , 

1.00 

96 

Heat-reJec on rate, Q/q, Btu/lb 

Figure 2.  - Effect o f  heat-rejection  rate on performance of nonafterburning liquid-cooled 
turbojet engine. Plight Mach number, 2.0 (in stratosghare); sea-level  static corupree- 
BOX. pressure la t lo ,  6; turbine-Inlet temperature, 2.460' R. 
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GV 

10 

0 1 2 3 
Flight Mach nu.&er, M 

(b) EfPect of flight Mach number. 
[T;, 2 4 6 0 ~  R; dtitude, 50,000 ft; 

(c)  Effect of sea-level s t a t ~ c  com- 
pressor equivalent v e M t  flow. 

Altitude, it 

(a) EfTect of f(t& l~~ude. [M, 2; 

Ti,  2460° - R; - ucM , 35 (lb/sec)/ 
-1 

sq ft.] 

Figure 3. - Effect of engine and flight conditione on liquld-coolhg 
heat-rejection rate0 (ref.  4) . 
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Plight Mach number, H 

(a) One-stage  turbine; compressor 
pressure  ratio, 6.0. 

(b) "stage turbine;  compressor 
presaure  ratio, 12.0. 

Figure 5. - Relative performance of nomfterburnlng turbojet  engine  resulting from 
effects of flight Mach number on 1lquid-caoUng heat-rejection  rates. Turbine- 
w e t  temperature, 24600 R; dtituh, 50,000 feet; sea-level  static  compressor 
equivalent  weight flow, 35 pounde per  second per square foot. 
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(a) &-stage turbine; conpressor pressure ratio, 6.0. (b) W-etege turbine; compressor pressure ratio, 12.0- k! 
Figure 6 .  - Relative performance of nonafterburning turbojet engine resulting from effects of compreasor equiv- 

kl 

&nt weight flm on Uqu~-coollng  heat-rejection rates. Turblne-idet temperature, 2480' R; altitude, 8 
60,000 feer; flight bhch lvlmbv, 2. 8 
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(a) One-stage turbine; campressor (b) Two-stage turblne; compressor 
pressure ratio, 6 .O.- pressure ratio, 12.0. 

Figure 7 .  - Relative performan=e of  nonafterburning turbojet engine resulting f r o m  
effects of flight  altitude on l iquid-cool ing heat-rejection  rates. Turbine-inlet 
temperature, 2 4 6 6  R; flight Mach number, 2; sea-level  static compressor equiva- 
lent weight flow, 35 pounds per eecond per square foot. 
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